The hole diffusion length, hole lifetime, hole mobility, and hole equilibrium concentration in epitaxial heavily phosphom-doped silicon have been measured by a combination of steady-state and transient techniques. Steady state measurements were performed on bipolar transistors in which the base was epitaxially grown. The transient measurement relied on the observation of the decay of the photoluminescence radiation after laser excitation. Significant findings are: 1) the hole mobility is about a factor of two larger in heavily doped n-type silicon than in p-type silicon; 2) the apparent bandgap narrowing is smaller than previously thought, with a value of about 90 meV at a doping level of 10'' cm-'.
INTRODUCTION
The knowledge of the minority carrier transport parameters in heavily doped silicon is required for the physical understanding, accurate modelling, and optimization of such fundamental parameters as the gain of bipolar transistors, and the efficiency of solar cells.
In lowly doped semiconductors, the product of the equilibrium hole and electron concentrations ( p a and no, respectivelly) is a constant that depends only on temperature: Pano = n%(T), (1) where ni, is the intrinsic carrier concentration.
Drastic changes occur in the band structure of n-type silicon as more donors are introduced. Their net physical effect is the increase of the nopo product. In other words, if we introduce a large a m o u t of electrons, N D , the resulting hole concentration in equilibrium is given by po = nfe(T, N D ) / N D , where nir > ni,. Therefore, po in heavily doped silicon is higher than what is expected by the low-doping relationship (1).
Since ni,, depends exponentially on the bandgap of the semiconductor, a popular way to mathematically treat the problem consists of assuming that a rigid narrowing of the bandgap is solely reponsible for the increase of pa, such that where AE;" represents the ficticious baudgap shrinkage that would account for the increase of p4 if no other heavy doping effects occurred.
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In addition to the equilibrium concentration of holes, two more parameters are relevant for the understanding of hole transport in a n-type semiconductor: the lifetime, r,, and the mobility, H .
In n-Si both of these parameters are strongly affected by high concentrations of donor impurities.
Although several authors have measured the transport parameters in n-type silicon at high doping levels, discrepancies of more than one order of magnitude are present among the values of r,, pp, and pa reported by different authors [I] . Most of these discrepancies arise from the fact that steady-state measurements only provide values of the hole diffusion length, L,, and p,D,,
technique is required to measure r,, and therefore obtain p, and Po.
The description of a systematic experiment that simultaneously performs steady-state and time-transient measurements is the subject of this paper. Fig. 1 shows a cross section of the devices fabricated. On a (100) B-doped 0.2-0.5 n.cm substrate a n+-epitaxial layer is grown in a SiH,/PHs/H2 system at 1O5O0C [2] . From a majority carrier point of view, the epitaxial material is essentially identical to asgrown, diffused, and ion-implanted silicon of similar doping level 131. Front p++-, n++-, and back p++-regions were formed by B+ implantation, P diffusion and BF$ implantation, respectivelly, followed by a simultaneous thermal step at 1O5O0C. The devices are isolated from each other by means of trenches.
EXPERIMENTAL
In Fig. 1 , the top device is a p -n+ -p++ bipolar transistor in the vertical direction. From the collector characteristics of this device working in the upward mode, the parameter poDp in the n+-epitaxial base is extracted. To separate the area-related component from the total collector current, three devices with different collector areas were integrated on the same chip.
The bottom device of Fig. 1 shows a p++ -n+ -p++ lateral bipolar transistor along the surface of the epitaxial region. By simultaneously fabricating several lateral transistors with different lateral base widths, the diffusion length of holes in the epitaxial base can be obtained [4] .
The following measurements were performed at room temperature: 
Measurement of ND
The sheet resistance and the Hall mobility were measured in an integrated van der Pauw structure. The vertical carrier concentration profile and epitaxial layer thickness were obtained by spreading resistance. Fig. 2 shows a typical example. The value of the Hall scattering factor was taken into consideration 151. The typical error in ND is around 10%.
collector current density is: The condition Wt, I L, is difficult to fulfill if L, is of the order of 2 pm or less. Therefore, for doping levels higher that around 2 x 1019 Em-', the use of the exact Eq. 3 is required. In this case, L, is determined from the lateral transistors that are located at an average distance of 2 mm from the vertical transistors. The error i n poDp in this regime is about 25%.
Measurement of r,
DEPTH ( p m )
r, is extracted from the time decay of the emitted band-to-band photoluminescence radiation after the wafer is excited by a 200 ps Fig. 2 
ZP
On those samples in which simultaneous measurements of lifetime and diffusion length were performed, D, and pp can be deduced. Fig. 7 reveals that the hole mobility in n-type silicon, as a minority carrier, is about two times larger than as a majority carrier in p-type silicon [ll] . This result, theoretically predicted by Bennett [12] , is not only important for modelling purposes, but it implies that pnp bipolar transistors are potentially as fast as current npn devices. This finding opens the possibility of very fast, low power complementary silicon bipolar logic. A fit to the available measurements of p p is: where a recent measurement of Gasquet et al. [13] at very low doping levels has been taken into consideration.
For those wafers in which measurements of y have been performed, the value of po was extracted from the measurement of p,D,. For the other wafers, the fit described by Eq. 6 was used.
The resulting values of po we plotted in Fig. 8 . The solid line in Fig this work and by other authors. . This last calculation gives a better agreement to the experimental data. However, the fact that it is systematically 30 to 50% lower than the measured results may indicate the occurrence of a tail at the top of the valence baud.
For the purpose of device modelling, we plot in Fig. 9 
CONCLUSIONS
Simultaneous measurements of hole lifetime, hole mobility, and hole equilibrium concentration have been carried out in heavily phosphorus doped silicon rhat was grown by epitaxy. Fits to the parameters are given for device modelling purposes.
